Abstract: Nano materials possess unique mechanical, physical, and chemical properties. They are small, and have an ultrahigh surface area, making them suitable for air filter applications since air filtration is necessary to protect sensitive components from harmful particulates and gaseous contaminants. The electrospinning method has been recognized as an efficient technique for fabricating polymer nanofibers. In order to determine the optimum manufacturing conditions, the effects of several electrospinning process parameters on the diameter, orientation, and distribution of polyacrylonitrile (PAN) nanofiber are analyzed. To improve interlaminar fracture toughness and suppress the delamination in the form of laminated non-woven fibers by using a heat roller, the performances of filter efficiency and pressure drop achieved with the PAN nanofiber air filter are evaluated experimentally.
For the fabrication of polymer nanofibers, electrospinning has been recognized as an efficient technique. Electrospinning is achieved when a high voltage is applied to the water droplets hanging on the edge of the capillary. It has been known worldwide that the electrospinning method uses an electrostatic field and ejects to liquid jet from the syringe tip [10] [11] [12] . The hemispherical shape of the suspended droplet preserved in equilibrium at the end of the syringe tip may be distorted into a cone in the presence of an electric field. Surface tension is reduced with the electric charge distribution induced on the surface of the liquid, causing a distortion in the balance of the repulsive force. When the jet exceeds a critical voltage, a stable jet of liquid is ejected from the syringe tip. In the case of a low viscosity liquid, the jet is broken up into droplets as a result of the longitudinal Rayleigh instability caused by the surface tension. Conversely, for high viscosity liquids, the jet does not break up; however, it travels continuously to the collector plate. A transverse instability or splaying of the jet into two or more smaller jets is observed due to the radical charge repulsion [13] . This process is termed as electrospinning and it products the polymer fibers with a diameter in the nanoscale [14] [15] [16] [17] [18] [19] .
It is well known that polyacrylonitrile (PAN) materials have attracted much attention because of various excellent characteristics, such as thermal stability and tolerance to most solvents, atmosphere, bacteria, and photo irradiation, making them suitable for air filter applications. In this research, we conducted the electrospinning using a PAN polymer with a dimethyl formamide (DMF) solution to produce nanofibers, which can be potentially-applied cathode air filters. In addition, the PAN nanofiber air filter, which was fabricated by using the electrospinning method and laminated by non-woven fabric and PAN nanofiber through a heat roller, was experimentally analyzed for the filtration efficiency and pressure drop.
In order to produce the uniform formation of nanofibers, we investigated changing the electrospinning conditions, such as the flow rate, voltage, and distance between the syringe tip and collector plate. In the case of a high-viscosity solution, the polymer solution and high applied voltage produce the formation of fiber without beads and thinner fibers. The surface tension is driven toward the formation of the beads and, thus, the reduced surface tension will favor the formation of the fibers without beads [20] . In addition, changing the polymer concentration may change the solution viscosity [21] . Furthermore, the droplet formation is due to the collapse of the capillary jet emitted by the surface tension [22] . For the polymer solution, the pattern of collapse of the capillary is dramatically changed. Instead of breaking rapidly, the filament and spraying droplets are stabilized and a stable bead structure is formed. The reason is that the dissolved polymer is transformed by the extensible flow of the jet into the solid fiber [23] [24] [25] .
As the viscosity of the solution is increased, the beads and fiber diameter become larger and the shape of the beads also changes. When the applied voltage is increased, decreased surface tension makes the beads become smaller or gradually disappear, while the diameter of fibers also becomes smaller. Neutralization of the charge carried by the jet supports the formation of beads since the tension in the fibers depends on the net charge repulsion and the interaction of the net charge with the electric field. In this research, we analyzed the formation of the PAN nanofiber, thickness of the fiber, and the presence or absence of the beads by scanning electron microscope (SEM) images. This is the foundation to produce the PAN nanofiber under optimum conditions.
In the manufacturing process, we used a commercially available heat roller to manufacture the PAN nanofiber air filter, via a lamination process using heat and pressure to seal the nanofiber paper between the plastic sheets. Normally, the heat, pressure, and adhesive are applied to bend the sheet of paper, but we used only the heat and pressure without the adhesive. The commercial heat rollers used in this research allow for controlled temperature and lamination speeds. The heat roller is composed of a pair of heated, rubber-covered rollers mounted on fixed axes, and a pair of stationary heated bars. The temperature signal for temperature control is provided by a surface thermocouple sliding on the metal core of one of the two heated rolls [26] . The PAN nanofiber air filter was manufactured in the lamination process. The non-woven fabric and nanofiber was manufactured by using heat and pressure applied to heat roller, respectively. PAN nanofiber air filter A was manufactured in a two-layer structure (non-woven fabric, PAN nanofiber), and PAN nanofiber air filter B was manufactured as a sandwich structure (non-woven fabric, PAN nanofiber, non-woven fabric).
As mentioned above, in order to produce the uniform formation of nanofiber materials used for air filter applications to protect sensitive components from harmful particulates and gaseous contaminants, we performed the electrospinning method as an efficient technique for fabricating polymer nanofibers. This research focused on optimizing the electrospinning conditions and manufacturing process to find the best method to manufacture nanofibers. The optimum conditions for manufacturing the PAN nanofiber were as follows: the solution sample including 1 g PAN and 10 mL DMF were physically stirred at a voltage of 10 kV, with a distance of 28 cm between the syringe tip and collector plate, and a flow rate of 0.3 mL/h. The experimental tests of fabricated nanofiber air filters in the laboratory, according to the British standard and the European standard, showed that they satisfied the criteria of high efficiency air filters.
Experimental Procedure

Electrospinning Process
The most common and easy approach to make nanofibers is the electrospinning method, as listed in the literature. In recent years, the electrospinning technique has attracted much attention as a capable method to produce fibers with nanoscale diameters. Figure 1 and Table 1 show the schematic diagram of the electrospinning device and PAN nanofiber manufacturing conditions for manufacturing nanofibers in this experiment, respectively. In this process, the polymer solution at the end of syringe tip is in the form of a hemispherical droplet. The standard electrospinning equipment consists of a high-voltage power supply, a metallic capillary, and a grounded collector as a counter electrode. Polymer solution is extruded from an orifice to form a small droplet in the presence of an electric field [27] . As mentioned above, when an electric field is applied, the charge or dipole orientation is induced on the surface of the air layer and the solution for the hemispherical droplet surface, mutual charge repulsion or dipole causes a force directly opposite of the surface tension. The electrically-charged solution jets are ejected from the orifice when the electrostatic force is larger than a threshold point. The feed rate can be adjusted, for example, with a syringe pump. The polymeric fluid tends to stretch out and form a continuous fiber until it reaches a grounded collector. Thus, the hemispherical surface of the fluid at the tip of syringe elongates to form a cone shape known as a Taylor cone. When the electric field reaches a critical value at which the repulsive electric force overcomes the surface tension force, a charged jet of the solution is ejected from the syringe tip. In this study, the electrospinning was carried out using the Nano NC Company NNC-ESP100 (Salamander Pumps, Sunderland, Britain). The solutions used in the electrospinning experiments were prepared using PAN polymer, DMF solvent purchased from Sigma Aldrich and Macron Company (Seoul, South Korea). The solution sample including 1 g PAN and 10 mL DMF was physically stirred for 24 h (350 rpm, 40 • C) in order to produce a PAN polymer solution, the viscosity of the prepared solution was also measured by using a viscometer. The PAN polymer solution was spun at a flow rate of 0.3 mL/h, the distance between the syringe tip and the collector plate was kept at 4 cm for five hours. The high-voltage NNC-ESP100 power supply was used to provide a voltage of 10 kV. Figure 2 and Table 2 show the schematic diagram of the manufactured PAN nanofiber air filter and PAN nanofiber manufacturing conditions using the heat roller (Dongwoo Heat Treating Co., Seoul, South Korea). The heat roller device is capable of controlling temperatures and lamination speeds. It is composed of three pairs of heated bars, and heat is transferred simultaneously to both sides of the rotating roller. The lamination processing method of the heat roller, a method of utilizing pressure and heat rollers by passing the material for air filter products between rollers to rotate, is cheap and simple compared to other processes. The PAN nanofiber air filter was manufactured in the lamination process, the non-woven fabric and nanofiber were manufactured via heat roller by, respectively, using heat and pressure. PAN nanofiber air filter A was manufactured by placing the one non-woven fabric and nanofiber in the heat roller, PAN nanofiber air filter B was manufactured by placing the one non-woven fabric between the two nanofibers in the heat roller. In this process of the experiment, the temperature on both sides was 140 °C, extrusion velocity was 3.3 mm/s, and it was repeated to laminate four times. Figure 2 and Table 2 show the schematic diagram of the manufactured PAN nanofiber air filter and PAN nanofiber manufacturing conditions using the heat roller (Dongwoo Heat Treating Co., Seoul, South Korea). The heat roller device is capable of controlling temperatures and lamination speeds. It is composed of three pairs of heated bars, and heat is transferred simultaneously to both sides of the rotating roller. The lamination processing method of the heat roller, a method of utilizing pressure and heat rollers by passing the material for air filter products between rollers to rotate, is cheap and simple compared to other processes. The PAN nanofiber air filter was manufactured in the lamination process, the non-woven fabric and nanofiber were manufactured via heat roller by, respectively, using heat and pressure. PAN nanofiber air filter A was manufactured by placing the one non-woven fabric and nanofiber in the heat roller, PAN nanofiber air filter B was manufactured by placing the one non-woven fabric between the two nanofibers in the heat roller. In this process of the experiment, the temperature on both sides was 140 • C, extrusion velocity was 3.3 mm/s, and it was repeated to laminate four times. 
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Manufacture of PAN Nanofiber
In order to produce the uniform formation of nanofibers by electrospinning, the main factors, such as solution viscosity, flow rate, voltage, and distance between the syringe tip and the collector plate, should be controlled [28] . The concentration and applied voltage are important, directly affecting nanofiber quality. The polymer solution is radiated when the concentration is low and the applied voltage is high because resistance of the electric force overcomes the surface tension in the syringe tip, but beads are created on the fiber surface. On the other hand, the polymer solution is not radiated when the applied voltage is low since resistance to the electric force does not overcome the surface tension [29] . In this study, to mix 1 g PAN with 10 mL DMF, they were stirred for 24 hours and radiated under the same conditions listed in Table 3 . Each radiated for 15 minutes to control the flow rate, voltage, syringe tip, and collector plate in the electrospinning procedure and the collective fiber phenomenon was imaged using a scanning electron microscope (JEOL, Akishima, Japan). The Figure 3 shows the SEM images of PAN nanofiber samples corresponding to the various controlled conditions. The fiber has a stable form without beads. In addition, the diameter of the nanofiber is formed corresponding to a dimensional range of 200-300 nm. The optimum condition is a mix of 1 g PAN polymer, 10 mL DMF solution, voltage of 10 kV, 28 cm of distance between syringe tip and collector plate, and flow rate of 0.3 mL/h. 
Result and Discussion
Manufacture of PAN Nanofiber
In order to produce the uniform formation of nanofibers by electrospinning, the main factors, such as solution viscosity, flow rate, voltage, and distance between the syringe tip and the collector plate, should be controlled [28] . The concentration and applied voltage are important, directly affecting nanofiber quality. The polymer solution is radiated when the concentration is low and the applied voltage is high because resistance of the electric force overcomes the surface tension in the syringe tip, but beads are created on the fiber surface. On the other hand, the polymer solution is not radiated when the applied voltage is low since resistance to the electric force does not overcome the surface tension [29] . In this study, to mix 1 g PAN with 10 mL DMF, they were stirred for 24 hours and radiated under the same conditions listed in Table 3 . Each radiated for 15 minutes to control the flow rate, voltage, syringe tip, and collector plate in the electrospinning procedure and the collective fiber phenomenon was imaged using a scanning electron microscope (JEOL, Akishima, Japan). The Figure 3 shows the SEM images of PAN nanofiber samples corresponding to the various controlled conditions. The fiber has a stable form without beads. In addition, the diameter of the nanofiber is formed corresponding to a dimensional range of 200-300 nm. The optimum condition is a mix of 1 g PAN polymer, 10 mL DMF solution, voltage of 10 kV, 28 cm of distance between syringe tip and collector plate, and flow rate of 0.3 mL/h. In the cases of samples (a) and (b), the flow rate was controlled; the Taylor cone was unstable, however, the collection of the fibers was realized. This was not complete nanofiber and did not create beads. In the cases of samples (c) and (d), they were applied a voltage, and the diameters of the fibers were in the range of 100-200 nm, but the Taylor cone was also unstable, and then the PAN + DMF solution resulted in the falling phenomenon from the end of the syringe tip to the collector plate. In addition, in the cases of samples (e) and (f), the syringe tip distance to the collector plate was controlled; as a result, the diameters of the fibers were small. When the distance of the collector plate and the syringe tip was too close, the fiber shape did not form. In addition, the diameters of the fibers were also not uniform. Figure 4 shows the SEM images when using the heat roller to manufacture the PAN nanofiber air filter. PAN nanofiber air filter layers were sealed to 140 °C by using a heat roller, and the heat was transferred simultaneously to both sides of the rotating roller. The lamination velocity was adjusted to 3.3 mm/s and rotated repeatedly for four cycles. The PAN nanofiber air filters A and B were manufactured with layered manufacturing through pressure and thermosetting. PAN nanofiber air filter A had a structure where impurities with large particle diameters were removed, and impurities with small particle diameters were filtered in the pre-treatment. PAN nanofiber air filter B was improved both in efficiency and durability. In the cases of samples (a) and (b), the flow rate was controlled; the Taylor cone was unstable, however, the collection of the fibers was realized. This was not complete nanofiber and did not create beads. In the cases of samples (c) and (d), they were applied a voltage, and the diameters of the fibers were in the range of 100-200 nm, but the Taylor cone was also unstable, and then the PAN + DMF solution resulted in the falling phenomenon from the end of the syringe tip to the collector plate. In addition, in the cases of samples (e) and (f), the syringe tip distance to the collector plate was controlled; as a result, the diameters of the fibers were small. When the distance of the collector plate and the syringe tip was too close, the fiber shape did not form. In addition, the diameters of the fibers were also not uniform. Figure 4 shows the SEM images when using the heat roller to manufacture the PAN nanofiber air filter. PAN nanofiber air filter layers were sealed to 140 • C by using a heat roller, and the heat was transferred simultaneously to both sides of the rotating roller. The lamination velocity was adjusted to 3.3 mm/s and rotated repeatedly for four cycles. The PAN nanofiber air filters A and B were manufactured with layered manufacturing through pressure and thermosetting. PAN nanofiber air filter A had a structure where impurities with large particle diameters were removed, and impurities with small particle diameters were filtered in the pre-treatment. PAN nanofiber air filter B was improved both in efficiency and durability.
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Appl. Sci. 2016, 9, 235 6 of 9 In the cases of samples (a) and (b), the flow rate was controlled; the Taylor cone was unstable, however, the collection of the fibers was realized. This was not complete nanofiber and did not create beads. In the cases of samples (c) and (d), they were applied a voltage, and the diameters of the fibers were in the range of 100-200 nm, but the Taylor cone was also unstable, and then the PAN + DMF solution resulted in the falling phenomenon from the end of the syringe tip to the collector plate. In addition, in the cases of samples (e) and (f), the syringe tip distance to the collector plate was controlled; as a result, the diameters of the fibers were small. When the distance of the collector plate and the syringe tip was too close, the fiber shape did not form. In addition, the diameters of the fibers were also not uniform. Figure 4 shows the SEM images when using the heat roller to manufacture the PAN nanofiber air filter. PAN nanofiber air filter layers were sealed to 140 °C by using a heat roller, and the heat was transferred simultaneously to both sides of the rotating roller. The lamination velocity was adjusted to 3.3 mm/s and rotated repeatedly for four cycles. The PAN nanofiber air filters A and B were manufactured with layered manufacturing through pressure and thermosetting. PAN nanofiber air filter A had a structure where impurities with large particle diameters were removed, and impurities with small particle diameters were filtered in the pre-treatment. PAN nanofiber air filter B was improved both in efficiency and durability. Figure 5 shows a schematic diagram of the PAN nanofiber air filter efficiency and pressure drop performance evaluation apparatus. The filtration efficiency and pressure drop performance evaluation device were configured with the particle generation portion, the tester filter holder section, and detector. In this study, the performances of nanofiber air filter A and B were tested using the TSI-Fractional 3160 equipment (TSI Inc., Shoreview, MN, USA) at the Korean Institute of Industrial Technology (KITECH). The test conditions were controlled at a temperature of 25 • C, humidity of 40%, flow rate of 32 L/min, face velocity of 5.3 cm/s, and the test particle size range was 0.1-0.6 µm. With a diameter of 15 cm, PAN nanofiber air filters A and B were placed, respectively, at the test filter holder section. The particle counter and the micro-manometer, which are installed upstream and downstream, respectively, were measured the filtration efficiency and pressure drop. The test method was carried out in accordance with British standards and the European standard (BS EN 1822-3), and performance test conditions are shown in Table 4 .
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Appl. Sci. 2016, 9, 235 7 of 9 Figure 5 shows a schematic diagram of the PAN nanofiber air filter efficiency and pressure drop performance evaluation apparatus. The filtration efficiency and pressure drop performance evaluation device were configured with the particle generation portion, the tester filter holder section, and detector. In this study, the performances of nanofiber air filter A and B were tested using the TSIFractional 3160 equipment (TSI Inc., Shoreview, MN, USA) at the Korean Institute of Industrial Technology (KITECH). The test conditions were controlled at a temperature of 25 °C, humidity of 40%, flow rate of 32 L/min, face velocity of 5.3 cm/s, and the test particle size range was 0.1-0.6 μm. With a diameter of 15 cm, PAN nanofiber air filters A and B were placed, respectively, at the test filter holder section. The particle counter and the micro-manometer, which are installed upstream and downstream, respectively, were measured the filtration efficiency and pressure drop. The test method was carried out in accordance with British standards and the European standard (BS EN 1822-3), and performance test conditions are shown in Table 4 . 
Property Value
Temperature (°C) 25
Humidity (%) 40
Filter size (cm 2 ) 15
Particle diameter (μm) 0.1-0.6
Flow rate (l/min) 32
Face velocity (cm/s) 5.3 Figure 6 shows the filtration efficiency and pressure drop of PAN nanofiber air filter A and B. The manufactured PAN nanofiber air filter A had a measured filtration efficiency of 91 ± 0.1% and pressure drop of 22 ± 0.1 mmH2O for 0.3 μm particle diameter size. The manufactured PAN nanofiber air filter B had a measured filtration efficiency of 95 ± 0.1% and pressure drop of 25 ± 0.1 mmH2O for 0.3 μm particle diameter size. The PAN nanofiber air filter B increased the pressure drop, and it had structural stability and a high filtration efficiency. Additionally, it satisfied the criteria of high efficiency air filters EPA E11 (collection efficiency of 95% or more, transmittance less than 5%) based on the performance evaluation of the British standards and European Standard BS EN 1822-3 [30] . Figure 6 shows the filtration efficiency and pressure drop of PAN nanofiber air filter A and B. The manufactured PAN nanofiber air filter A had a measured filtration efficiency of 91 ± 0.1% and pressure drop of 22 ± 0.1 mmH 2 O for 0.3 µm particle diameter size. The manufactured PAN nanofiber air filter B had a measured filtration efficiency of 95 ± 0.1% and pressure drop of 25 ± 0.1 mmH 2 O for 0.3 µm particle diameter size. The PAN nanofiber air filter B increased the pressure drop, and it had structural stability and a high filtration efficiency. Additionally, it satisfied the criteria of high efficiency air filters EPA E11 (collection efficiency of 95% or more, transmittance less than 5%) based on the performance evaluation of the British standards and European Standard BS EN 1822-3 [30] . 
Conclusion
In this study, non-woven fabrics were laminated with PAN nanofiber by using the heat roller in order to manufacture the PAN nanofibers air filters. The optimum conditions for manufacturing the PAN nanofiber were as follows: the solution sample, including 1 g PAN and 10 mL DMF, was physically stirred at a voltage of 10 kV, with a distance of 28 cm between the syringe tip and collector plate, and a flow rate of 0.3 mL/h. Consequently, the emitted PAN nanofibers were not formed as beads, and they also maintained a stable shape without a tangling phenomenon between the fibers. The diameter of the fibers was in the range of 200-300 nm. The heat roller device used to produce the PAN nanofiber air filter was capable of the required temperature and lamination velocity. In addition, it was composed of three pairs of heated bars, and the heat was transferred simultaneously to both sides of the rotating rollers. The PAN nanofiber air filters were manufactured via the lamination process. The non-woven fabric and nanofibers are manufactured by using heat and pressure applied to the heat rollers, respectively, at 140 °C, with a 3.3 mm/s lamination velocity, and rotated repeatedly for four cycles. The experiment in this research with manufactured PAN nanofiber air filters was conducted at KITECH.
In the performance test of the air filter of fabricated PAN nanofiber, NaCl particles with a diameter of 0.3 μm, flow rate of 32 L/min, and face velocity of 5.3 cm/s, PAN nanofiber air filter A obtained a measured filtration efficiency of 91% and pressure drop of 22 mmH2O. PAN nanofiber air filter B obtained a measured filtration efficiency of 95% and pressure drop of 25 mmH2O.
Conclusions
In this study, non-woven fabrics were laminated with PAN nanofiber by using the heat roller in order to manufacture the PAN nanofibers air filters. The optimum conditions for manufacturing the PAN nanofiber were as follows: the solution sample, including 1 g PAN and 10 mL DMF, was physically stirred at a voltage of 10 kV, with a distance of 28 cm between the syringe tip and collector plate, and a flow rate of 0.3 mL/h. Consequently, the emitted PAN nanofibers were not formed as beads, and they also maintained a stable shape without a tangling phenomenon between the fibers. The diameter of the fibers was in the range of 200-300 nm. The heat roller device used to produce the PAN nanofiber air filter was capable of the required temperature and lamination velocity. In addition, it was composed of three pairs of heated bars, and the heat was transferred simultaneously to both sides of the rotating rollers. The PAN nanofiber air filters were manufactured via the lamination process. The non-woven fabric and nanofibers are manufactured by using heat and pressure applied to the heat rollers, respectively, at 140 • C, with a 3.3 mm/s lamination velocity, and rotated repeatedly for four cycles. The experiment in this research with manufactured PAN nanofiber air filters was conducted at KITECH.
In the performance test of the air filter of fabricated PAN nanofiber, NaCl particles with a diameter of 0.3 µm, flow rate of 32 L/min, and face velocity of 5.3 cm/s, PAN nanofiber air filter A obtained a measured filtration efficiency of 91% and pressure drop of 22 mmH 2 O. PAN nanofiber air filter B obtained a measured filtration efficiency of 95% and pressure drop of 25 mmH 2 O.
